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Key components of vesicular neurotransmitter
release, such as Ca2+ influx andmembrane recycling,
are affected by cytosolic pH. We measured the pH-
sensitive fluorescence of Yellow Fluorescent Protein
transgenically expressed in mouse motor nerve
terminals, and report that Ca2+ influx elicited by
action potential trains (12.5–100 Hz) evokes a
biphasic pH change: a brief acidification (13 nM
average peak increase in [H+]), followed by a pro-
longed alkalinization (30 nM peak decrease in
[H+]) that outlasts the stimulation train. The alkaliniza-
tion is selectively eliminated by blocking vesicular
exocytosis with botulinum neurotoxins, and is pro-
longed by the endocytosis-inhibitor dynasore.
Blocking H+ pumping by vesicular H+-ATPase (with
folimycin or bafilomycin) suppresses stimulation-
induced alkalinization and reduces endocytotic
uptake of FM1-43. These results suggest that H+-
ATPase, known to transfer cytosolic H+ into prefused
vesicles, continues to extrude cytosolic H+ after
being exocytotically incorporated into the plasma
membrane. The resulting cytosolic alkalinization
may facilitate vesicular endocytosis.
INTRODUCTION
Neuronal somata and dendrites acidify when depolarized by
trains of action potentials and voltage-clamp pulses (Ahmed
and Connor, 1980; Trapp et al., 1996a, 1996b; Willoughby and
Schwiening, 2002), elevated extracellular [K+] (OuYang et al.,
1995; Zhan et al., 1998; Yu et al., 2003), or glutamate agonists
(Vale-Gonza´lez et al., 2006; Bolshakov et al., 2008). Most studies
suggest that this depolarization-induced cytosolic acidification
results from Ca2+ influx-mediated activation of the plasmalem-
mal Ca2+ ATPase, which imports H+ as it extrudes Ca2+ (Schwi-
ening and Thomas, 1998; Chesler, 2003).
Presynaptic nerve terminals can experience large Ca2+ loads
during repetitive stimulation, and thus might be expected toNeundergo considerable acidification. Studies using high-[K+]
depolarization and Ca2+ ionophores to evaluate the effect of
Ca2+-loading on the pH of presynaptic terminals isolated from
brain (synaptosomes) have reported conflicting results: lack of
effect (Richards et al., 1984; Nachshen and Drapeau, 1988),
acidification (Martinez-Serrano et al., 1992), or alkalinization
(Sa´nchez-Armass et al., 1994). To date, we know of no direct
studies of pH changes in intact presynaptic terminals where
Ca2+ influx is activated by physiological action potential stimula-
tion. We report here such measurements, made in motor nerve
terminals of mice that transgenically express Yellow Fluorescent
Protein (YFP) in neurons (Thy-1 promoter; Ormo¨ et al., 1996;
Feng et al., 2000). These measurements are based on the fact
that YFP fluorescence is pH sensitive over the physiological
range: reversible protonation of the YFP chromophore domain
decreases its fluorescence as pH acidifies from 8 to 5.5
(reviewed by Bizzarri et al., 2009).
Using this pH indicator we found that the earliest effect of stim-
ulation on the pH of motor terminals is (as expected from studies
of neuronal somata and dendrites) a Ca2+-dependent acidifica-
tion whose magnitude is reduced by both the HCO3
/CO2 buffer
systemand an amiloride-sensitive Na+/H+ exchanger (NHE). This
early acidification is followed by a pronounced, prolonged
alkalinization not previously reported in neurons. We present
evidence that this alkalinization is due to H+ extrusion via vesic-
ular H+-ATPase (vATPase) transiently inserted into the plasma
membrane during exocytosis. If this hypothesis is true, then
the rate of decay of this alkalinization offers a method for
measuring the time course with which certain vesicular compo-
nents are endocytosed. We also find that inhibition of vATPase
activity reduces vesicular endocytosis. This result, combined
with previous reports that acidification inhibits one or more
components of clathrin-mediated endocytosis (see Discussion),
suggests that the prolonged poststimulation alkalinization facili-
tates endocytosis.
RESULTS
Trains of Action Potentials Induce a Ca2+-Dependent,
Biphasic Change, or Acidification-Alkalinization, in
Motor Terminal Cytosolic [H+]
Figure 1A shows a motor nerve terminal in the levator auris lon-
gus muscle of a mouse that transgenically expressed YFP inuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Inc. 1097
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Figure 1. Biphasic Stimulation-Induced
Changes in YFP Fluorescence in Motor
Terminals and Preterminal Axons
(A) Fluorescence micrograph of YFP-expressing
motor terminal.
(B) Fluorescence images of this terminal were
divided by prestimulation (rest) images (average
of 20), and the resulting F/Frest images are dis-
played before stimulation (a), at the onset of
50 Hz stimulation (b), immediately following the
end of stimulation (c), and 80 s following the
end of stimulation (d).
(C) Time course of fluorescence changes aver-
aged over the entire area of this terminal, and
calculated pH and [H+] changes.
(D) Average time course from 18 terminals (thick
line) with 95% confidence intervals (dashed lines),
plotted using the same scales as in (C). The best-fit
(r2 = 0.99) single exponent for the decay of the
alkalinizing component had a time constant of
73 s (half-time 52 s).
(E) Another YFP-expressing motor terminal, arbi-
trarily subdivided into two regions (a and b) plus
a region of preterminal axon (c).
(F) Time course of F/Frest changes in each of the
regions outlined in (E).
Images in (B) are the average of four images taken
at the indicated time. F/Frest plots in (C) and (F)
were averaged from five and eight repetitions,
respectively; vertical lines superimposed on the
traces indicate SEM. Preparations in Figures 1–6
were bathed in physiological saline containing
24 mM HCO3
, gassed with 5% CO2/95% O2
(bath pH, 7.3); muscle contractions were blocked
with d-tubocurarine. Calculations in (C) assumed
a resting pH of 6.9, [H+] = 126 nM; calibration
and calculations are described in Supplemental
Information (Supplemental Experimental Proce-
dures and Figure S1).
Neuron
Synaptic Vesicle Recycling Alters Cytosolic pHmotor neurons. This preparation allows measurement of pH
changes in motor terminal cytosol with no interference from
changes that might also occur in muscle or Schwann cells. Fig-
ure 1B illustrates how YFP fluorescence in this terminal changed
during and after the motor nerve was stimulated with trains of
action potentials (50 Hz, 20 s). Figure 1C plots the magnitude
of the average YFP fluorescence change in this terminal normal-
ized to resting fluorescence (F/Frest), and Figure 1D shows the
averaged response for 18 terminals. Changes in F/Frest were
converted to cytosolic pH and [H+] assuming a resting pH of
6.9 and a calibration curve described in Supplemental Informa-
tion (Supplemental Experimental Procedures and Figure S1
available online), which also presents evidence that the changes
in YFP fluorescence were indeed due to changes in cytosolic pH.
As expected from studies in neuronal somata (see Introduc-
tion), the initial response was a decrease in fluorescence, indi-
cating acidification. But as stimulation continued, an unexpected
response ensued—a fluorescence increase (indicating alkalin-
ization) that peaked 3–4 s after stimulation ended. Reacidifica-
tion toward prestimulation values then occurred over a slower
time course. At peak acidification (3–4 s following onset of stim-
ulation) the mean D[H+] was +12.7 nM (±1.3 SEM); at peak alka-
linization the mean D[H+] was 30.7 nM (±2.3) (n = 18 terminals1098 Neuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Incfrom 11 animals). These findings show that in response to repet-
itive action potentials, motor terminals not only acidify but also
show a prominent alkalinization phase.
Figures 1E and 1F show evidence that these changes in [H+]
originate in the motor terminal rather than in the preterminal
motor axon. F/Frest was averaged over two parts of the illustrated
terminal (Figures 1Ea and 1Eb) and also in its preterminal axon
(Figure 1Ec). Plots in Figure 1F demonstrate that the magnitude
of F/Frest was similar in the two terminal regions, both of which
displayed acidifying and alkalinizing components similar to those
shown in Figures 1C and 1D. In the preterminal axon the brief
acidification phase was undetectable, and the peak of the
alkalinization phase was smaller by 50% and delayed by 10 s
compared to that in the terminal regions. In axonal regions
even farther from terminals, the stimulation-induced changes in
YFP were even smaller than those in the preterminal axon, and
were eliminated after the axon was surgically separated from
terminals (Figure S2). This distal-to-proximal (terminal to axon)
decrement in the size of the [H+]-sensitive YFP signal suggests
that stimulation-induced [H+] changes originate in the terminal,
and are relayed to the preterminal axon by diffusion and/or trans-
port. This spatial distribution of stimulation-induced changes
(larger over the terminal, smaller and slower in the axon) is similar.
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Figure 2. Stimulation-Induced Changes in YFP Fluorescence (and [H+]) Require Ca2+ Entry into Motor Terminals
(A) Responses before, during (10–20 min exposure), and 30–60 min after replacing bath Ca2+ with Mg2+.
(B) Responses before and following addition of 100 mM Cd2+ (20–60 min exposure), which blocks most Ca2+ channels.
(C) Responses before, during (20–40 min exposure), and 90–170 min after washout of u-agatoxin GIVA (0.5 mM), which blocks P/Q-type Ca2+ channels.
Records in (A)–(C) came from different terminals; each plotted response is the average of four to seven repetitions in one terminal. Each plotted result is repre-
sentative of experiments repeated in four to five terminals (three to four animals).
Neuron
Synaptic Vesicle Recycling Alters Cytosolic pHto that reported for elevations of cytosolic [Ca2+] in motor termi-
nals (David and Barrett, 2000).
In subsequent figures the stimulation-induced changes in YFP
fluorescence were spatially averaged over the whole terminal (as
in Figure 1C) in order to optimize the signal-to-noise ratio.
However, to test the uniformity of pH changes within a terminal,
we performed additional experiments comparing pH changes
within small subregions (2 3 2 mm, each comprising 2% of
the total terminal area) to the global pH change averaged over
the whole terminal. Figure S3 shows that there was marked
spatial variability in the relative magnitudes of the acidifying
and alkalinizing components. In 25% of the subregions in this
terminal, D[H+] during stimulation-induced acidification and
alkalinization reached values 23 larger than those computed
for the whole (spatially averaged) terminal. For example, some
terminal subregions showed [H+] decreases of 37–78 nM
(0.15–0.42 pH units), considerably larger than the average alka-
linization value of 30.7 nM reported above. Regions with
predominantly alkalinizing changes were often only 5 mm
away from regions with predominantly acidifying responsesNe(e.g., compare regions of interest [ROIs] #1 and #2 in Figure S3),
and these local gradients remained ‘‘standing’’ for 60 s after
stimulation ended. Steep cytosolic pH gradients over a distance
of <5 mm have also been reported in isolated snail neurons
(Schwiening and Willoughby, 2002). The Discussion considers
possible functional implications of these spatially heterogeneous
pH changes.
Figure 2 shows that both acidifying and alkalinizing compo-
nents of the stimulation-induced [H+] response were eliminated
by replacing bath Ca2+ with Mg2+ (Figure 2A), or by adding the
nonspecific Ca2+ channel blocker Cd2+ (100 mM) in the presence
of normal bath [Ca2+] (Figure 2B). Responses were also blocked
byu-agatoxinGIVA (0.5mM),whichblocks theP/Q-typechannels
(Cav2.1) that are responsible for most stimulation-evoked Ca2+
influx into mammalian motor terminals (Katz et al., 1997). Even
when Ca2+ influx is blocked, Na+-dependent action potentials
continue to invade mouse motor terminals (Konishi and Sears,
1984). These results thus demonstrate that stimulation-induced
acidification and alkalinization both require Ca2+ influx into motor
terminals, rather than simply depolarization or Na+ entry.uron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Inc. 1099
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Figure 3. The Stimulation-Induced Alkalin-
izing Phase Is Selectively Blocked by Inhib-
iting Exocytosis and by Inhibiting vATPase
(A) Responses before and after exposure to 20 nM
BoNT A (left) or 14.5 nM BoNT E (right) for 80–140
min. (B) Responses before and after exposure to
1 mM folimycin (left) or 1 mM bafilomycin (right)
for 1–4 hr. Folimycin produced no significant
change in resting fluorescence. (Ca) Averaged
effects of these drugs and of vesamicol on the
magnitudes of the early acidifying response
(measured 3–4 s following stimulation onset) and
the late alkalinizing response (measured 3–4 s
following cessation of stimulation). Vesamicol
(7 mM) exposure was 3 hr (n = 4 terminals). Results
with both BoNTs were averaged together, as were
results with folimycin and bafilomycin (fol/baf).
Asterisk indicates significant difference from
control (p < 0.01, one-way ANOVA followed by
Dunnett’s multiple comparison test). (Cb) Diagram
indicating sites of action of inhibitors summarized
in (Ca). VAChT, vesicular acetylcholine trans-
porter. (Da) Fluorescence changes averaged
from control (blue) and alkalinization-blocked
(red) terminals, including SEM. (Db) Averaged
data from (Da) converted to D[H+]. Subtraction of
alkalinization-blocked from control record yields
the net contribution due to vesicular release
(dashed black line).
Neuron
Synaptic Vesicle Recycling Alters Cytosolic pHStimulation-Induced Alkalinization Requires Both
Exocytosis of Synaptic Vesicles and vATPase Activity
As reviewed in the Introduction, neuronal somata and dendrites
undergo acidification during trains of action potentials, but do
not display an alkalinizing component. Thus we wondered
whether the prominent alkalinizing component measured in
motor terminals might be related to vesicular recycling. Figures
3Aa and 3Ab show [H+] changes recorded when exocytosis
was blocked with botulinum neurotoxins (BoNTs type A and E),
which cleave SNAP-25, a SNARE protein required for action
potential-evoked transmitter release (Bronk et al., 2007). BoNTs
do not interfere with action potential-induced Ca2+ influx (Van
der Kloot and Molgo´, 1994; Schiavo et al., 2000). Both BoNTs
transformed the biphasic acidification-alkalinization response1100 Neuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Incin
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acidification. [H+] rapidly (5 s) increased
to a plateau level during stimulation and
recovered to baseline within 5 s after
stimulation stopped. BoNTs did not
increase the magnitude of the acidifica-
tion measured at the onset of stimulation,
suggesting that the lack of an alkaliniza-
tion phase at the end of stimulation
was not due to augmentation of an acidi-
fying process but rather to block of an
alkalinizing process. Results with both
BoNTs were similar and thus were
combined in the averaged values of early
and late response components plotted in
Figure 3Ca. The diagram in Figure 3Cbdicates the mechanism of action of all drugs applied in
igure 3.
The inhibitory effect of BoNTs on stimulation-induced alkalin-
ation might be due to block of vesicle fusion with the plasma
embrane or to the consequent reduction of vesicular acetyl-
holine (ACh) release. To differentiate between these possibili-
es, we tested the effect of vesamicol, an inhibitor of the vesic-
lar ACh transporter. In vesamicol, vesicles continue to
ndergo Ca2+-dependent exocytosis but are devoid of ACh
arsons et al., 1999). Vesamicol did not significantly alter the
agnitude of either early or late components of the stimula-
on-induced [H+] changes (Figure 3Ca), suggesting that the
oNT-sensitive alkalinization in Figure 3A requires vesicular
xocytosis, but not ACh release.
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Figure 4. The Alkalinizing Component Is
Larger and Decays More Slowly following
Longer Stimulation Trains, and Is Inhibited
by Dynasore
(A) and (B) plot the fractional change in YFP fluo-
rescence from a terminal stimulated with short
and long 50 Hz trains (200 and 1000 stimuli,
demarcated by vertical lines). Red lines in (B)
show the measured parameters: peak acidifica-
tion (measured 3–4 s after stimulation onset),
peak alkalinization (5 s after stimulation stopped),
and t1/2, the time required for alkalinization to
decay to half its peak amplitude. (C), (D), and (E)
plot these parameters for seven terminals, each
stimulated with long and short trains, with points
from the same terminal connected with a line
(each point was averaged from four to eight train
repetitions). (C) The number of stimuli had no
effect on peak acidification. (D) Peak alkalinization
was larger following the long train (0.028 ± 0.0048
SEM versus 0.016 ± 0.003). (E) t1/2 of the alkalin-
izing component was longer after the long train
(91.2 ± 15.4 s, range 40–150 s versus 45.8 ± 4.5 s,
range 30–61 s). *p < 0.05, **p < 0.005, paired t
test, two-tailed. (F) Stimulation-induced (50 Hz,
20 s) changes in YFP fluorescence before and
30–50 min after bath application of 70 mM dyna-
sore. Each plot is the average (±SEM) of 12 trains
(three terminals, two animals). The decays of the
alkalinizing components were fitted with single
exponentials (R2 > 0.98), yielding time constants
of 56 s (53–59, 95% confidence interval) and
290 s (275–307, 95% confidence interval) for
control and dynasore, respectively. The corre-
sponding values for t1/2 were 39 and 201 s.
Neuron
Synaptic Vesicle Recycling Alters Cytosolic pHA possible mechanism for the exocytosis-dependent alkalin-
izing response is H+ extrusion from cytosol via vATPase incorpo-
rated into the plasma membrane following exocytosis. In
synaptic vesicles this ATPase pumps H+ from the cytosol into
the vesicle lumen, thereby generating the H+ electrochemical
gradient necessary for loading vesicles with neurotransmitters
by H+/neurotransmitter antiporters (reviewed in Van der Kloot,
2003). If this H+ pumping action continues when vesicular
membrane becomes (temporarily) incorporated into the plasma
membrane following vesicle fusion, this vATPase would pump
H+ from the cytosol into the synaptic cleft, thus alkalinizing the
cytosol. We tested this hypothesis using vATPase blockers, foli-
mycin and bafilomycin. These agents do not abolish fusion of
vesicle membranes (Cousin and Nicholls, 1997; Zhou et al.,
2000). Both vATPase inhibitors blocked the stimulation-induced
alkalinization, with no significant effect on the early acidification
(Figures 3B and 3Ca). Thus, results in Figures 3A–3C suggestNeuron 68, 1097–1108, Dethat stimulation-induced alkalinization of
motor terminals is mediated by vATPase
that is translocated to the plasma
membrane by exocytosis.
To quantify the effect of stimulation-
induced exocytosis on cytosolic [H+], we
compared averaged F/Frest responses in
control solution with averaged responseswhen thevesicular contributionwaseliminatedbyblockingexocy-
tosis or vATPase. These averaged F/Frest responses (Figure 3Da)
were then converted toD[H+] responses (Figure 3Db). Subtracting
the ‘‘no vesicular contribution’’ values from control values yielded
the net vesicular contribution, an alkalinization that reduced
average cytosolic [H+] by 30 nM after 20 s of stimulation.
If exocytosis-induced insertion of vATPase into the plasma
membrane is indeed the cause of the recorded cytosolic alkalin-
ization, then the decay of this alkalinizationmay reflect removal of
vATPase from the plasma membrane by endocytosis. Measure-
ments of endocytosis made by monitoring vesicle-plasmamem-
brane transfer of the vesicular protein synaptobrevin tagged
with a proton-quenchable probe (synaptopHluorin, Tabares
et al., 2007) have demonstrated that the increased exocytosis
produced by prolonging the stimulus train slows the rate of the
subsequent endocytosis. Figures 4A and 4B show the effects
of prolonging the 50 Hz stimulus train from 200 to 1000 stimulicember 22, 2010 ª2010 Elsevier Inc. 1101
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Figure 5. Inhibition of vATPase Decreases Stimulation-Induced
Loading of FM1-43
(A) Pairs (FM1-43 and a-bungarotoxin [BgTx]) of micrographs from a levator
auris longus muscle incubated in FM1-43 without stimulation (left pair), and
from another muscle whose nerve was stimulated in FM1-43 (right pair). The
loading protocol is diagrammed in the inset of (B). Stimulated preparations
were incubated with FM1-43fx (a fixable analog of FM1-43, 3 mM) and stimu-
lated with six trains (each 50 Hz for 10 s with 10 s intertrain interval). FM1-43
was left in the bath for 15 min after stimulation ended and was then washed
out for 30min.When applied, folimycin (2 mM)was present from 120min before
stimulation until 15 min after stimulation. Preparations were then fixed and
poststained with a-bungarotoxin Alexa Fluor 594 conjugate to label endplate
ACh receptors (see Experimental Procedures). Confocal Z stacks acquired
from multiple regions of the preparation were used to construct pairs of
maximal Z projections at FM1-43 and Alexa Fluor excitation/emission
wavelengths (see Experimental Procedures). ROIs were drawn around
endplates in the BgTx image and used to measure the total fluorescence
intensity of the corresponding terminals in the FM1-43 image (expressed in
arbitrary fluorescence units, a.u.). This method allowed nonbiased identifica-
tion of terminal regions, regardless of the amount of FM1-43 uptake.
(B) Bars show mean (±95% confidence interval, n indicates number of termi-
nals) of FM1-43 fluorescence in the indicated conditions. ***p < 0.001; Krus-
kal-Wallis ANOVA (nonparametric) and Dunn’s multiple comparison post
test. (C) Cumulative histograms of FM1-43 fluorescence for the terminals
analyzed in (B) (bin size = 100 a.u.).
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Synaptic Vesicle Recycling Alters Cytosolic pHon the stimulation-induced alkalinization. Increasing the number
of stimuli increased the peak amplitude of the alkalinization (Fig-
ure 4D) and slowed the mean half-time of decay from 46 to 91 s
(Figure 4E). Train prolongation had no effect on peak acidification
(Figure 4C), as expected, because during 50Hz stimulation, acid-
ification begins to decline after only 150–200 stimuli (within the
duration of the short train). These findings are consistent with the
hypothesis that the decay of alkalinization is due to endocytosis
of vATPase (also see Discussion).
An important pathway for vesicle membrane endocytosis is
mediated by clathrin (Su¨dhof, 2004) and requires GTPase
activity of dynamin. We thus tested the effect of dynasore,
a membrane-permeable inhibitor of dynamin GTPase activity
(Kirchhausen et al., 2008), on the decay of the stimulation-
induced alkalinization. Figure 4F shows that in dynasore the
decay of alkalinization (t1/2 = 201 s) was slowed 53 compared
with control (t1/2 = 39 s), consistent with the hypothesis that
retrieval of vATPase from the plasma membrane is meditated
by clathrin-dependent endocytosis.
Inhibition of vATPase Reduces Endocytosis of Vesicle
Membranes
Clathrin-mediated endocytosis has been shown to be enhanced
in alkaline, compared with acidic, cytosolic pH (see Discussion).
If the stimulation-induced alkalinization described here plays
a role in supporting endocytosis, blocking this alkalinization
with a vesicular vATPase inhibitor (as in Figure 3B) would be
expected to inhibit endocytosis during and after stimulation
trains. To test this hypothesis, we incubated preparations in
FM1-43 (Figure 5A), and quantified endocytotic dye uptake by
comparing the fluorescence intensity in stimulated terminals
with that in nonstimulated terminals, which served as control
for nonvesicular dye labeling (Gaffield and Betz, 2006). FM1-43
labels membranes of recycling vesicles regardless of their ACh
content (Parsons et al., 1999). FM1-43 fluorescence was larger
in stimulated versus nonstimulated terminals in both the
presence and the absence of folimycin. However, endocytotic
dye uptake (calculated as the difference between the mean
fluorescence of stimulated and nonstimulated terminals) in the
presence of folimycin was 83 smaller than in the absence of
the drug (74 compared to 575 fluorescence units; Figures 5B
and 5C). These results suggest that H+ pumping by vATPase
accelerates endocytotic retrieval of vesicle membranes.
These findingsmay help explain the finding of Hong (2001) that
inhibitors of vATPase accelerate rundown of endplate potentials
during tetanic stimulation in mouse motor terminals, and the
finding of Zhou et al. (2000) of decreased stimulation-induced
uptake of FM1-43 in cultured hippocampal neurons exposed to
bafilomycin. The results in Figure 5 suggest that the accelerated
tetanic depression induced by blocking vATPase resulted not
only from reduction in vesicularAChcontent, but also from reduc-
tion of vesicle membrane retrieval during the stimulation train.
Both HCO3
–/CO2 and the NHE Limit the Magnitude of
Stimulation-Induced Acidification in Motor Terminals
The ability to block pharmacologically the alkalinizing compo-
nent linked to vesicular exocytosis allowed us to study the
stimulation-induced acidification of motor terminals in isolation.1102 Neuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier IncFigure 3D shows that this acidification does not increase
progressively during the train, but rather reaches a plateau after
3–4 s of stimulation. As indicated in the Introduction, studies in
neuronal somata and dendrites suggest that this Ca2+-depen-
dent acidification is due mainly to accelerated Ca2+ extrusion
by the plasma membrane Ca2+ ATPase (PMCA), which imports
H+ as it extrudes Ca2+. Consistent with this idea, Figure S5.
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Figure 6. Time Courses of D[Ca2+] and
Acidifying D[H+] Responses to Stimulation
Changes in cytosolic [H+] came from the ‘‘vesicular
contribution blocked’’ record in Figure 3Db, after
inversion and scaling to facilitate comparison of
D[Ca2+] and D[H+] time courses. Averaged
changes in cytosolic [Ca2+] (normalized to resting
[Ca2+]) were measured in five terminals from the
fluorescence of Oregon Green 488 BAPTA 1
(OG-1) injected ionophoretically into the internodal
axon (see Experimental Procedures). Insets at
right show responses at the beginning and end
of stimulation on an expanded timescale. [H+]
changes developed more slowly than [Ca2+]
changes.
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Synaptic Vesicle Recycling Alters Cytosolic pHshows that the acidification component is reduced when bath
pH is increased from 7.3 to 8.5–9.0, which would reduce
PMCA activity (Benham et al., 1992).
The acidifying phase recorded when the vesicular contribution
was blocked reached a plateau level during stimulation (Fig-
ure 3D). Wewondered whether this plateau resulted from satura-
tion of PMCA-mediated H+ import or rather reflected/tracked
a similar plateau of cytosolic [Ca2+] (David andBarrett, 2003). Fig-
ure 6 (left) superimposes stimulation-induced [H+] elevations
(vesicular component blocked) and elevations in cytosolic
[Ca2+], measured using the fluorescent Ca2+ indicator Oregon
Green 488 BAPTA 1 (OG-1), loaded by injecting the indicator ion-
ophoretically into the internodal axon. The left panel shows thatD
[H+] closely tracks, but lags behind, D[Ca2+]. Right panels show
on an expanded timescale that after the first second of 50 Hz
stimulation, cytosolic [Ca2+] had risen to 85% of its plateau
value while [H+] had risen to only 30% of its plateau value. Simi-
larly, in the first second after stimulation ended, [Ca2+] had
decreased to only 25% of its value during stimulation, while
[H+] remained at 80% of its stimulated value. These findings
suggest that the acidifying plateau during stimulation can be ac-
counted for by a plateau in cytosolic [Ca2+]. The alternate possi-
bility, i.e., that the H+ plateau is due to saturation of H+ import by
thePMCA, seemsunlikely because this hypothesiswould predict
that [H+] should reach a plateau before, instead of after, [Ca2+].
The plateau reached by cytosolic [Ca2+] in motor terminals
increases with stimulation frequency (range 10–100 Hz; Nguyen
et al., 2009), and thus cytosolic acidification by PMCA-mediated
H+ import would also be expected to be larger at higher frequen-
cies. Figure S4 shows that stimulation-induced acidification
does indeed increase with frequency over this range.
In cultured embryonic motoneurons the intracellular acidifica-
tion imposed by an acid load (NH4Cl) is buffered by the HCO3
/
CO2 system and H
+ is extruded by an amiloride-sensitive NHE in
the plasmamembrane (Brechenmacher and Rodeau, 2000). Fig-
ure 7 shows results of an experiment testing whether similar
mechanisms limit the stimulation-induced acidification of motor
terminals in adult mice. The leftmost record in Figure 7A was re-
corded in control physiological saline with HCO3
/CO2 buffering
(24 mM HCO3
 in the solution, gassed with 5% CO2/95% O2).
Folimycin was then added to isolate the acidifying componentNe(second record). Subsequent removal of HCO3
/CO2 buffering
(substituting HEPES buffer in 100%O2) increased themagnitude
of the acidification (third record). Further addition of the NHE
inhibitor amiloride increased the stimulation-induced acidifica-
tion still further (fourth record). The average peak magnitudes
of the acidifying component in multiple terminals in each condi-
tion are indicated by circles near each record (vertical lines
indicate ±SEM). The calculated stimulation-induced increase in
[H+] from rest (D[H+]) increased from 22 to 79 nM following
removal of HCO3
/CO2 buffering, and further increased to 138
nM following subsequent inhibition of NHE. Figure 7B shows
another test of the importance of the HCO3
/CO2 buffer system.
The effectiveness of this buffer system relies on rapid equilibra-
tion between CO2 and H
+/HCO3
, which is catalyzed by intracel-
lular carbonic anhydrase. The records in Figure 7B show that
a membrane-permeable carbonic anhydrase inhibitor, acetazol-
amide, increased the stimulation-induced acidification. These
data indicate that HCO3
/CO2 buffering and H
+ extrusion via
the NHE contribute importantly to limiting the magnitude of the
stimulation-induced acidification in motor terminals.
DISCUSSION
Work presented here measured stimulation-induced changes in
cytosolic pH in motor nerve terminals using the pH sensitivity of
the fluorescence of transgenically expressed YFP. We demon-
strate that trains of action potentials evoke an early acidification
followed by a pronounced and prolonged alkalinization. Acidifi-
cation following stimulation has also been reported in neuronal
somata and dendrites (see Introduction), but these structures
do not show the later alkalinization that is so prominent in motor
terminals. We present evidence that this alkalinization is caused
by H+ extrusion via vATPase inserted into the plasma membrane
during exocytosis. This hypothesis further suggests that restora-
tion of cytosolic pH reflects endocytotic retrieval of vATPase
from the plasma membrane.
vATPase Can Function after Insertion into the Plasma
Membrane by Exocytosis
If the above scenario is true, then the vATPase must be capable
of pumping protons not only in synaptic vesicles, but also whenuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Inc. 1103
0.90
0.95
1.00
F/
F r
es
t Y
FP
CO2 / HCO3-
HEPES
folimycin
amiloride
50 Hz
 300
 250
 200
 150
 100
 6.5
 6.6
 6.7
 6.8
 6.9
 7.0
20 sec
pH[H+] 
(nM)
0.95
1.00
1.05
50 Hz
CO2 / HCO3-
acetazolamide
 150
 100
 6.8
 6.9
 7.0
pH[H+] 
(nM)
F/
F r
es
t Y
FP
20 sec
A
B
n=17
n=15
n=4
Figure 7. Effects of Intracellular pH Buff-
ering on Stimulation-Induced pH Changes
The magnitude of the acidifying component of the
stimulation-induced D[H+] response is increased
by substitution of HEPES for the standard HCO3
/
CO2 pH buffer (A), by inhibition of the plasma
membrane Na+/H+ exchanger (NHE) with 0.5 mM
amiloride (A), and by inhibition of the HCO3
/CO2
buffering system with 2 mM acetazolamide (B).
Records in (A) were obtained sequentially from the
same terminal. Addition of folimycin to the physio-
logical control solution caused the acidifying
component to peak at a later time and a greater
magnitude. For records in HEPES and amiloride
the preparation was gassed with 100% O2 rather
than the standard 5% CO2/95% O2. Symbols next
to the traces indicate the peak amplitude (±SEM)
of the response averaged from the indicated
number of terminals exposed to the same condi-
tion. The difference between these averages
was statistically significant (one-way ANOVA fol-
lowed by Bonferroni’s multiple comparison test,
p < 0.05). Records in (B) are averages of five to eight
responses from a single terminal; similar results
were obtained in two additional terminals.
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Synaptic Vesicle Recycling Alters Cytosolic pHthe vesicular membrane becomes (temporarily) incorporated
into the plasma membrane following exocytosis. Evidence for
this idea in motor terminals is our finding that the stimulation-
induced alkalinization is blocked by inhibitors of exocytosis
(BoNTs) and by inhibitors of vATPase (folimycin, bafilomycin).
Exocytotic insertion of functional H+-ATPases into plasma
membranes has been demonstrated in certain nonneuronal
cells. For example, an abundance of these pumps extrudes H+
from the cytosol to acidify the lumen of renal tubules and the
extracellular space around osteoclasts; in these cells the rate
of H+ extrusion is regulated by recycling of H+-ATPase-contain-
ing vesicles into and out of the plasma membrane (Breton and
Brown, 2007). Insertion of these pumps into the plasma
membrane is also used to counteract metabolic acidification of
the cytosol in neutrophils (Nanda et al., 1996).
vATPase may be even more active in the plasma membrane
than in synaptic vesicle membranes, because H+ import into
vesicles generates a large luminal [H+] (pH 5.5) and membrane
potential (100 mV, positive inside), which oppose further H+
transport (Grabe and Oster, 2001).
Upon exocytosis, both release of H+ (already within vesicles)
and subsequent extrusion of H+ by vATPase would be expected
to acidify the synaptic cleft. In photoreceptor and bipolar cells,
suppressionofpresynapticCa2+current andof transmitter release
were attributed to transient acidification of the synaptic cleft (0.1–
0.2pHunits;DeVries, 2001,Palmeretal., 2003).This transient cleft
acidification has been estimated to dissipate rapidly, with a time
constant of <0.2 s. This rate would be expected to be even faster1104 Neuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Incm
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Figure 8. Mechanisms Underlying Stimula-
tion-Induced pH Changes in Motor Nerve
Terminals
Schematic diagram linking measured stimulation-
induced changes in cytosolic pH (top panel)
with hypothesized underlying changes in H+and
Ca2+ fluxes across the plasma membrane via an
Na+/HCO3
 cotransporter (NBC), an NHE,
voltage-dependent Ca2+ channels (VDCCs), the
plasma membrane Ca2+-ATPase (PMCA, which
imports H+), and vATPase inserted into the plasma
membrane by exocytosis. (HCO3
 import via NBC
is equivalent to H+ extrusion.) Boxes represent the
nerve terminal plasma membrane. The height of
the gray bar represents resting concentrations.
The size of letters for H+ and Ca2+ represents the
concentration.
(A) At resting steady state, cytosolic [Ca2+] is main-
tained at 0.1 mM by Ca2+ extruders (PMCA and
Na+/Ca2+ exchanger [not shown]), which
offset the inward leak of Ca2+. Cytosolic [H+]
(pH 7) is maintained by acid extruders (e.g.,
NHE, NBC, drawn in part A only), which offset H+ buildup from plasma membrane leak and metabolic sources.
(B) Action potential depolarization opens VDCCs. The consequent elevation of cytosolic [Ca2+] has opposing effects on cytosolic [H+]: (1) acidification via
increased operation of the PMCA and by Ca2+ displacement of H+ from intracellular binding sites; and (2) alkalinization initiated by vATPase incorporation
into the plasma membrane. Due to the relatively small number of fused vesicles at this stage, vATPase-mediated alkalinization is still insufficient to offset
Ca2+-induced acidification.
(C) Cytosolic [Ca2+], and thus Ca2+-induced acidification, reaches a plateau after 2–3 s of stimulation, but the number of fused vesicles, and thus vATPase-medi-
ated H+ extrusion, continue to increase, becoming sufficiently large to produce a net cytosolic alkalinization that is maintained until the end of the stimulation.
(D) As stimulation stops, VDCCs close and cytosolic [Ca2+] declines to near resting levels within 3–5 s. Since endocytotic retrieval of vATPase proceeds at a slower
rate, vATPases remaining in the plasmamembrane continue to extrude H+, unopposed by Ca2+-induced acidification. This produces a fast alkalinizing ‘‘jump’’ at
the end of stimulation. Endocytotic retrieval of vATPase from the plasma membrane eventually restores cytosolic pH to its resting value.
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Synaptic Vesicle Recycling Alters Cytosolic pHthis ATPase into synaptic vesicles, but also for returning cyto-
solic pH to prestimulation values. These observations also
suggest that changes in the fluorescence of transgenically ex-
pressed YFP provide amethod formeasuring an aspect of endo-
cytosis in presynaptic terminals. The time course of endocytotic
retrieval of vATPase has not been directly determined, but this
retrieval is likely to be complete during the early recycling stage
of clathrin-coated vesicles (Prior and Clague, 1997).
Figure 8 presents a model that relates measured stimulation-
induced pH changes (YFP fluorescence, top panel) to simulta-
neous changes in cytosolic [Ca2+] (Figure 6) and vesicle exocy-
tosis/endocytosis. The diagram includes the hypothesized
underlying changes in transmembrane H+ and Ca2+ fluxes
through plasma membrane channels and transporters. The
time labeled A represents the resting terminal, in which the
steady-state pH is maintained by extruding metabolically gener-
ated H+ via an HCO3
/Na+ cotransporter (NBC) and an NHE.
Voltage-dependent Ca2+ channels (VDCCs) are closed. The
time labeled B represents the acidification phase measured
when stimulation starts. VDCCs open, and the elevation in cyto-
solic [Ca2+] initiates exocytosis and increases activation of the
PMCA, which admits H+. At this stage H+ entry via the PMCA
exceeds H+ extrusion via NBC, NHE, and the vATPase from exo-
cytosed vesicles. As stimulation and Ca2+ entry continue (time
labeled C), cytosolic [Ca2+] reaches a plateau, but insertion of
vATPase into the plasma membrane continues. Alkalinization
mediated by vATPase now exceeds PMCA-mediated acidifica-
tion. When stimulation stops (time labeled D), there is a rapid
fall in cytosolic [Ca2+], which decreases activation of PMCANeand the attendant H+ entry, accounting for the early transient
increase in alkalinization. Cytosolic [H+] then falls slowly as endo-
cytosis removes vATPase from the plasma membrane.
If this model is valid, then stimulation-induced changes in the
fluorescence of transgenically expressed YFP offer a technique
to detect the activity of presynaptic terminals: early acidification
(fluorescence decrease) indicates Ca2+ entry, the later alkaliniza-
tion (fluorescence increase) indicates vesicular exocytosis, and
the decay of this fluorescence increase measures an aspect of
vesicular endocytosis.
Alkalinization of Cytosolic pH Favors Endocytosis
and May Reduce Inactivation of Ca2+ Currents
Work using synaptic preparations subjected to changes in cyto-
solic pH imposed bymanipulating the external medium suggests
that the prolonged poststimulation alkalinization measured in
motor terminalsmay have beneficial effects on presynaptic func-
tion. One such effect is enhancement of endocytosis. In lizard
and mouse motor terminals, endocytotic uptake (but not exocy-
totic release) of the styryl dye FM1-43 is reversibly inhibited by
cytosolic acidification (Lindgren et al., 1997; Coleman et al.,
2008). Lindgren et al. (1997) estimated that in lizard motor termi-
nals endocytosis is pH sensitive within 0.4 pH units of resting
pH, equivalent to a 48–190 nM deviation from resting [H+] (calcu-
lated for resting pH ranging from 7.5 to 6.9, respectively). The
stimulation-induced decreases in cytosolic [H+] measured here
fall within this range, with values of 30–40 nM averaged over
the whole terminal area (Figure 3Db), and decreases of up to
78 nM in subregions of the terminal (Figure S3). Sinceuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Inc. 1105
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Synaptic Vesicle Recycling Alters Cytosolic pHstimulation-induced uptake of the endocytosis marker FM1-43
was inhibited by blocking vATPase (folimycin, Figure 5), it is likely
that the cytosolic alkalinization generated when this pump is
incorporated into the plasma membrane facilitates vesicle recy-
cling under physiological conditions. Consistent with this
hypothesis, in hippocampal synapses, folimycin caused rapid
use-dependent depression of evoked transmitter release (Ertunc
et al., 2007), which could be mimicked by inhibition of endocy-
tosis by dynasore in the same system (Chung et al., 2010).
Reduced endocytosis may impair vesicular release by inhibiting
vesicle reuse, or by preventing docking of new vesicles at exocy-
totic sites (Kawasaki et al., 2000; Hosoi et al., 2009). Possible
mechanisms underlying the favorable effect of alkalinization
include the pH sensitivity of internalization of clathrin-coated
pits from the plasma membrane and of dynamin-adaptin
binding; both of these processes are inhibited by cytosolic
acidification (Sandvig et al., 1987; Davoust et al., 1987; Heuser,
1989;Wang et al., 1995). Also, endocytosis in yeast cells ismark-
edly slowed by pharmacological or genetic block of vATPase
(folimycin, null vATPase mutants; Perzov et al., 2002).
Incorporation of other vesicular proteins may also promote
endocytosis. For example, in Drosophila motor terminals,
activity-induced incorporation of a vesicular protein (flower)
into the plasma membrane maintains cytosolic [Ca2+] at levels
that support endocytosis (Yao et al., 2009).
In snake and mouse motor terminals there is evidence that at
some stimulation frequencies, preferred sites of endocytosis co-
localize with preferred sites of exocytosis (Teng et al., 1999;
Gaffield et al., 2009). Our finding that multiple terminal subregions
(2 mm2) experience stimulation-induced alkalinizations much
larger than average (Figure S3) provides a possible explanation
for this colocalization: local alkaline domains, created by exocy-
totic insertionof vATPase,would favor endocytosis at or near sites
of prior exocytosis. Localized insertion of vATPase due to vesic-
ular exocytosis might also provide a possible explanation for the
observation that the pH is more alkaline (by 0.2–0.3 pH units) in
neuronal growth cones than in the soma (Dickens et al., 1989).
Another beneficial effect of the stimulation-induced cytosolic
alkalinization may be maintaining the presynaptic Ca2+ currents.
Work in a variety of neurons indicates that cytosolic acidification
depresses and/or alkalinization enhances VDCCs (isolated
hippocampal CA1 neurons, Tombaugh and Somjen, 1997; Tom-
baugh, 1998; N-type Ca2+ currents in chick sensory neurons,
Kiss and Korn, 1999). If the P/Q-type Ca2+ channels in mouse
motor terminals have a similar pH sensitivity, the stimulation-
induced alkalinization demonstrated here might increase the
magnitude of the Ca2+ current (or prevent an acidification-
induced decrease).
Another possible beneficial effect of cytosolic alkalinization on
terminal function is an increase in the rate of glycolysis, mediated
by the pronounced pH sensitivity of the rate-limiting glycolytic
enzyme phosphofructokinase (Trivedi and Danforth, 1966; Mel-
lergard and Siesjo, 1998).
In summary, measurements of stimulation-induced pH
changes in motor nerve terminals made by monitoring changes
in the fluorescence of transgenically expressed YFP demon-
strate a prominent, prolonged, spatially heterogeneous alkalin-
ization phase. Properties of this phase suggest that it results1106 Neuron 68, 1097–1108, December 22, 2010 ª2010 Elsevier Incfrom the activity of vATPase pumps inserted into the plasma
membrane during exocytosis and subsequently retrieved by
endocytosis. Evidence suggests that this cytosolic alkalinization
facilitates endocytotic retrieval of vesicular contents. The decay
of this alkalinization offers a way to measure the time course of
an aspect of endocytosis.
EXPERIMENTAL PROCEDURES
Neuromuscular Preparation
Mice used in this study expressed YFP (a red-shifted, enhanced variant of
Green Fluorescent Protein) in the cytosol of certain neurons, including motor
neurons and their axons and terminals [Feng et al., 2000; bred from B6.Cg-
Tg(Thy 1-YFP)16Jrs/J (stock #3709) from Jackson Labs, Bar Harbor, ME].
Animal use protocols were approved by the Animal Care and Use Committee
of the University of Miami Miller School of Medicine. Experiments used the
levator auris longus (Angaut-Petit et al., 1987) and epitrochleoanconeus (Brad-
ley et al., 1989) nerve-muscle preparations; these thin muscles, isolated from
the head and forelimb (respectively), permit easy visualization of YFP-filled
motor terminals. Preparations were pinned flat in a chamber with silicon walls
constructed atop a glass coverslip. Action potentials were evoked by stimu-
lating the motor nerve with brief, suprathreshold depolarizing pulses via
a suction electrode; unless otherwise noted, stimulus trains were 50 Hz for
20 s. Muscle contractions were blocked using d-tubocurarine (15 mM). Prepa-
rations in Figures 1–6 were perfused with a standard physiological saline,
composed of the following (in mmol/l): 128 NaCl, 24 NaHCO3, 4 KCl,
1.8 CaCl2, 1.1MgCl2, 11.2 glucose, and 0.33 NaH2PO4, in an atmosphere con-
taining 5% CO2 /95% O2 (pH 7.3), heated to 28
C–30C. For experiments in
Figure 7A, HEPES buffer (11.5 mM) was substituted for HCO3
, and the prep-
aration was gassed with 100% O2.
Fluorescence Indicators of pH, [Ca2+], and Endocytosis:
Image Acquisition and Analysis
Changes in cytosolic pH were measured from images of YFP fluorescence
obtained with a Retiga EXI camera (Qimaging, Surrey, Canada) mounted on
an inverted Nikon TE2000Emicroscope (Nikon, Melville, NY). Images were ob-
tained using a 603water immersion lens (NA 1.2, Olympus, Melville, NY). YFP
was excited at 488 nm from a Xenon lamp-equippedmonochromator (PTI, Bir-
mingham, NJ), using a dichroic mirror (505 nm) with a 535 nm emission filter
(40 nm bandwidth, Chroma, Rockingham, VT). Images were acquired at
1 Hz using 0.8 s exposures (IPLAB v. 3.6, Scanalytics Inc, Fairfax, VA) and
time-lapse series were aligned with Turboreg (ImageJ). To analyze the time
course of YFP fluorescence changes, an ROI was drawn around a given
terminal (ImageJ), and the net fluorescence within that region (obtained by
subtraction of background from a nearby ROI) was tracked over time. For
most data plots fluorescence was normalized to resting fluorescence (F/Frest),
averaged from 20 prestimulation (rest) images.
Figure S1 illustrates procedures used to demonstrate that the recorded
stimulation-induced changes in YFP fluorescence were caused by pH
changes, and to convert changes in F/Frest to changes in [H
+] and pH (Supple-
mental Experimental Procedures). These calculations assumed a resting cyto-
solic pH (pHrest) of 6.9, equivalent to [H
+]rest of 126 nM (as reported for cultured
cortical neurons and spinal motoneurons; Endres et al., 1986; Pedersen et al.,
1998). Stimulation-induced D[H+] estimates were relatively insensitive to the
assumed pHrest. For example, changing the assumed resting pH from 6.7 to
7.4 changed the calculated average D[H+] from 14.0 to 12.3 nM during peak
acidification and from 31.4 to 27.7 nM during peak alkalinization.
Stimulation-induced changes in cytosolic [Ca2+] (normalized to resting [Ca2+])
weremeasured using the fluorescence of OG-1 (Kd 0.17 mM) injected ionophor-
etically as the membrane-impermeable hexapotassium salt into the internodal
axon as described in David and Barrett (2000), and were calibrated using the
technique of Maravall et al. (2000). Ca2+ responses were recorded in mice that
didnot expressYFP, since theexcitationwavelengthsof YFPandOG-1overlap.
Stimulation-induced endocytosis was measured using FM1-43fx (a fixable
analog of FM1-43, 3 mM), using the protocol outlined in Figure 5B. As a control
for nonvesicular FM1-43 labeling (Gaffield and Betz, 2006), a nonstimulated.
Neuron
Synaptic Vesicle Recycling Alters Cytosolic pHpreparation shared the same experimental chamber and staining protocol.
Preparations were fixed (4% paraformaldehyde, 60 min), and poststained
with a-bungarotoxin Alexa Fluor 594 conjugate (BgTx, 25 mg/ml, 60 min) to
label endplate ACh receptors. Confocal Z stacks (z step = 0.5 mm) were
acquired from multiple regions of the preparation, and used to construct pairs
of maximal Z projections at FM1-43 and Alexa Fluor excitation/emission wave-
lengths (488/ >590 and 568/ >650 nm, respectively; with these settings, there
was no bleedthrough of signal from the BgTx channel into the FM1-43
channel). ROIs drawn around endplates in the BgTx image were used to
measure the total fluorescence intensity of the corresponding terminals in
the FM1-43 image. Background subtraction used a region outside the end-
plate, on the same muscle fiber. Imaging settings (laser intensity, camera
gain and speed, and image display scaling) were kept constant for all the
acquired images.
Reagents and Statistical Analysis
Reagent sources were as follows: agatoxin: Alomone Labs, Jerusalem, Israel;
botulinum toxins: BBTech, North Dartmouth, MA; folimycin and bafilomycin:
EMD Chemicals, Gibbstown, NJ; OG-1 and FM1-43fx: Invitrogen, Carlsbad,
CA; and dynasore: Sigma Aldrich.
Statistical tests (described in text and figure legends) were performed using
GraphPad Prism (GraphPad Software, La Jolla, CA).
SUPPLEMENTAL INFORMATION
Supplemental Information for this article includes five figures and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2010.11.035.
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